Born on March 30, 1853 in Groot-Zundert, Netherlands, Vincent Van Gogh is considered today as the greatest Dutch painter aer Rembrandt, although he remained poor and virtually unknown all throughout his life. It is generally believed that Van Gogh struggled with mental illness and that those problems led him to an early death by suicide when he was only 37, but there is no consensus on a specic diagnosis. Likely, these disorders triggered his creativity and inuenced his art. To counteract his epilepsy, anxiety and depression, Van Gogh drank absinthe, a toxic alcoholic drink, popular with many artists at the time, containing the toxin thujone. Besides aggravating mental symptoms, thujone can also cause one to see objects in yellow (xanthopsia). Whether this substance caused Van Gogh's affinity with yellow or not, 1 the dominance of vibrant yellows in several paintings aer 1886 exists and was declared by the artist himself in his letters to his brother Theo: Van Gogh aimed at "a sun ooding everything with a light of pure gold". Van Gogh Yellow (VGY) refers to a family of inorganic pigments based on the yellow mineral crocoite (lead chromate, PbCrO 4 ), whether pure or mixed with the white mineral anglesite (lead sulfate, PbSO 4 ), that add a paler hue to pure chromate. The resulting pigment, considered as a PbCr (1Àx) S x O 4 solid solution, presents a yellow-orange colour for low sulfur content (x < 0.1) and a pale yellow colour with increasing sulfur concentration (x > 0.5). Unfortunately, VGY pigments show a tendency to lose their bright colours rapidly, gradually turning greenish-brown when exposed to sunlight. This degradation, already spotted by Van Gogh himself, 2 can be noticed just by comparing two versions of his famous Sunowers, as shown in Fig. 1 . Recent analytical studies have addressed the degradation of VGY, both in its synthetic form and in samples from original Van Gogh paintings.
3-10 With X-ray spectro-microscopy and related methods, authors have found a surface alteration layer containing signicant amounts of Cr(III), thus ascribing VGY darkening to the partial reduction of Cr(VI). Among all synthetic and original samples, the most sulfur-rich ones showed the highest tendency toward browning. Thereby, sulfur is supposed to play a key role in the degradation process. Moreover, degradation of model samples requires irradiation with either UVvisible, UV or blue light, while red light is insufficient to trigger the process. 6 Further work has reported spectroscopic studies on surface coatings, where a certain percentage of Cr(III) was observed, not only at the paint-coating interface, but also inside the varnish/wax layers as dispersed micro-grains. This experimental evidence suggests that BaSO 4 and ZnS coatings are useless, since degradation occurred anyway and a diffusion of degraded particles into the coating happened. The authors hypothesize a process in which PbCrO 4 Understanding the origin and mechanisms of VGY degradation can provide the answers to these questions, with new hints for the safe storage and restoration of important paintings. To this end, complementary to spectroscopic and analytical studies, ab initio computational methods are valuable tools to identify the structure-property relationships that determine the chemical and optical properties of VGY.
11-13
Here, we report the results of a systematic rst-principles study on the structural, electronic and energetic features of the complex VGY pigment. While a few theoretical works have addressed lead chromate electronic structure for photoelectrocatalysis, 14, 15 to the best of our knowledge, there have been no computational studies on the VGY lead chromatesulfate solid solution yet. Thus, we performed spin-polarized Kohn-Sham density functional theory (DFT) 16, 17 calculations to address three main properties of VGY PbCr (1Àx) S x O 4 solid solutions of increasing sulfur content (0 # x # 1): the crystal structures and relative stability, the solid solution formation energies, and the corresponding VGY colour variations, i.e. the electronic structure features.
The reliable prediction of bulk structural properties is key to study the ion migration and surface reactions that have been proposed to explain VGY browning. DFT is a workhorse method for solid-state materials, but an approximated exchange-correlation density functional should be carefully tested for the system and for the property of interest. Indeed, we found that a standard periodic DFT, based on the PerdewBurke-Ernzerhof (PBE) exchange-correlation density functional, 18 failed in describing the correct VGY structural features. Since PbCrO 4 exists in both monoclinic and orthorhombic phases and PbSO 4 only presents an orthorhombic structure, we focused on determining the different crystal forms of the PbCr (1Àx) S x O 4 solid solution. Raman experiments reported that the sulfate-poor samples (x < 0.4) present a monoclinic phase, with the orthorhombic fraction becoming higher with increasing sulfur content (x # 0.5), while sulfate-rich samples (x > 0.8) are mostly formed in the orthorhombic phase.
3,5 These results were conrmed by X-ray studies, but no solid solution structure has been found for 0.5 < x < 0.8.
3
We performed structural optimizations of PbCr (1Àx) S x O 4 (with x ¼ 0, 0.125, 0.25, 0.5, 0.875 and 1) in both monoclinic and orthorhombic phases. The PBE density functional incorrectly predicts the monoclinic phase to always be the most stable (Fig. 2) . When long-range non-covalent van der Waals forces are properly described by dispersion-corrected DFT (PBE-D3), [19] [20] [21] we obtain the correct trend with orthorhombic phase that becomes the most stable with high sulfur contents.
This result highlights the importance of dispersion forces also in the context of solid-state ionic systems, especially when subtle phase equilibria are in action. While in molecular sciences DFT-D based approaches are well established, [19] [20] [21] noncovalent dispersive interactions are oen underestimated when modelling inorganic extended materials.
22,23
In VGY, PBE failure can be ascribed to the known tendency to favour wider structures that minimize the repulsive nature of the self-interaction term. The monoclinic phase always has a larger unit cell volume than the orthorhombic, as seen from the computed minimum energy volumes reported in the ESI. † Besides delivering lattice constants very close to experimental ones, PBE-D3 predicts more compact volumes than PBE and the relative energies between the two phases are consistent with experimental observations: the dispersion interactions always favour the orthorhombic phase (red line in Fig. 2 ). The nal ordering with respect to sulfur content reects the balance between two opposite factors; the higher repulsion between the large sized chromate anions (240 pm) than sulfate (230 pm), 24 and the maximization of dispersive attractive interactions in the more compact orthorhombic crystal.
We evaluated the stability of the PbCr (1Àx) S x O 4 solid solutions according to the reaction:
We considered all values of x that were detected by experiments (as in the former section, 3 The computed formation energies have been calculated according to the formula:
where E VGY is the total energy of any given PbCr (1Àx) S x O 4 conguration and E PbCrO 4 /E PbSO 4 are the total energies of lead chromate (M)/lead sulfate (O), all expressed per formula unit. Fig. 3 shows the main results of this analysis. We neglected vibrational effects and congurational entropy in this study: previous works on similar transition metal oxide solid solutions have shown that vibrational effects on the free energy of mixing are negligible, particularly at room temperature. 25 As well, by estimating the maximum congurational entropy for our solid solution (S max , according to eqn (10) in ref. 25) , at room temperature we found that ÀTDS max values do not alter the DE form trend in Fig. 3 .
The hull (line connecting the lowest energy congurations of each VGY composition) has a concave shape: in the range of all x values our calculations predicted positive (unfavourable) formation energies. This indicates a potential miscibility gap and a phase-separation tendency in the solid solution at low temperatures, which is in agreement with the PbSO 4 -PbcrO 4 core-shell particles detected in original samples of VGY.
10 Our calculations predict a pronounced maximum for x ¼ 0.75, which is, precisely, the composition that is not found experimentally. When chromate and sulfate anions are both present in VGY (e.g., x ¼ 0.5), the analysis of the most stable structures shows a segregated conguration to be preferred over a more uniform (isotropic) distribution of the anions in the unit cells (see gures in the ESI †). These ndings qualitatively prove the tendency of the lead chromate-sulfate solid solution to be unstable and prone to separation into its two parent materials. Indeed, this also affects the overall electronic structure and optical properties, as discussed below.
Regarding electronic structure and optical properties, DFT is a ground state theory and underestimates the optical band gap in extended materials, as well as the HOMO-LUMO gap in molecular systems. Despite this well-known drawback, 23 DFTbased analysis of electronic structure features can still provide informative insights, especially when using more rened methods than standard PBE. To this end, we performed single point calculations at different levels of theory on the VGY minimum energy crystal structures optimized at the PBE-D3 level. Together with PBE, we performed PBE+U calculations 26 with a U-J value equal to 3.2 eV on Cr d states. 27 In principle, the formal charge of Cr (+6) implies that there are no d electrons, but we found a strong hybridization between Cr d and O p states (see the Bader AIM effective charge analysis 28 in the ESI †) and, therefore, Cr d orbitals cannot be considered totally empty. We also performed hybrid Hartree-Fock DFT calculations with the HSE functional. 29 The resulting atom and angular momentumprojected density of states (PDOS) plots are shown in Fig. 4 .
Overall, the three methods yield qualitatively consistent results by describing an extended overlap of Cr d and O p states at the valence band edge (VB), while the conduction band edge (CB) is mainly populated by Cr d states. We also report in Fig. 4 the predicted eigenvalue gaps (E g ), which are not a direct prediction of the experimental optical transition energies, but still represent a reliable estimate of the material band gap. As expected, the PBE signicantly underestimates the experimental value, E g (PbCrO 4 , optical) ¼ 2.3 eV. 15 With an ad hoc correction for the self-interaction error, the PBE+U band gap is closer to the experimental value than PBE but is still low. On the other hand, the hybrid HSE method predicts too large a band gap, which means a too ionic character. We achieved the best band gap estimate with the non-self-consistent Green-function method (G 0 W 0 ): 30 the predicted quasi particle band gap E g (G 0 W 0 ) ¼ 2.29 eV is in nice agreement with experiment, even if the G 0 W 0 result should be compared to the photoelectron spectroscopy (PES) and inverse PES (IPES) bandgap rather than to the optical one.
PbSO 4 electronic structural features are depicted in PDOS plots at the PBE and HSE levels of theory in Fig. 5 . Both methods 31 While HSE predicts a too large band gap, the G 0 W 0 results are the closest to experiment, E g (G 0 W 0 ) ¼ 4.13 eV.
The G 0 W 0 band gap values match nicely with the experimental ones, but this method is too computationally demanding for a systematic study of the lead chromate-sulfate solid solution, with larger super-cells than the PbCrO 4 and PbSO 4 unit cells, and with many possible chromate-sulfate congurations. HSE, with the inclusion of non-local exchange, predicts too ionic systems with too large band gap values. Thus, we opted for the less expensive PBE+U single point calculations to obtain a qualitative trend of band gap values for the entire solid solution (see Table S5 in the ESI †). Eigenvalue gap values slightly widen with increasing S content, with larger values in the orthorhombic than in the monoclinic phase. However, within all the explored range of x, VGY band gap values are never much larger than in PbCrO 4 (with a maximum deviation of 0.4 eV). The origin of this behavior is clearly shown by the PDOS plot of PbCr 0.125 S 0.875 O 4 (x ¼ 0.875) depicted in Fig. 6 : even for the highest S content, the VB and CB edges have the same character as in PbCrO 4 (Fig. 4) , sulfur states are quite low in energy and are not present at the band edges, as in pristine PbSO 4 . These electronic structure features are common for all x values, as shown in the ESI. † To locate the predicted VGY band gap values in the electromagnetic spectrum, we related the PBE+U eigenvalue gap values of the solid solution with the more reliable G 0 W 0 values of pristine PbCrO 4 , according to a simple scaling function:
We chose PbCrO 4 (and not PbSO 4 ) for scaling purposes because of the similarities in band edge characters between the solid solution (at any S contents) and PbCrO 4 , as shown before. Thus, we assume that the PbCrO 4 band gap computed with G 0 W 0 would increase by the same factor as the PbCr (1Àx) S x O 4 one with respect to PbCrO 4 as calculated at the PBE+U level of theory. The results are shown in Fig. 7 , together with the G 0 W 0 data for PbCrO 4 and PbSO 4 . This result shows that all VGY solid solutions, even at the highest sulfur content (x ¼ 0.875), would still deliver a non-white colour. 
Conclusions
The present work reports an ab initio study on the structure, optical properties and stability of Van Gogh Yellow (VGY), i.e. the PbCr (1Àx) S x O 4 solid solution. VGY is an inorganic pigment dominating Vincent Van Gogh's paintings of his late period (1886 to 1890), many of which suffer from darkening of yellow areas aer exposure to sunlight.
Following a series of experimental studies on the composition and optical properties of the VGY solid solution with different sulfur contents, we performed rst-principles calculations on VGY bulk properties in order to understand VGY structure-property relationships from an atomistic perspective, and to determine whether degradation has its origin in VGY bulk features or is purely due to surface processes.
We found that the inclusion of dispersion corrections (DFT-D) is mandatory for reliable structural predictions, because standard semi-local density functional approximations fail in describing the experimental structural transitions from monoclinic to orthorhombic at increasing S contents. In particular, PBE-D3 provided the correct phase ordering with equilibrium lattice parameters within 1% of the experimental values.
Regarding optical properties, we computed the lead chromate and sulfate eigenvalue gap values at PBE, PBE+U and HSE levels of theory, as well as the G 0 W 0 quasi-particle gaps. While PBE and PBE+U values are slightly smaller than experimental ones, the HSE values are too large. As expected, G 0 W 0 values are the most accurate, but the balance of accuracy and computation time is much more convenient with PBE/PBE+U. Our calculations on the PbCr (1Àx) S x O 4 solid solution show that band gap increases as x increases and it is also larger in orthorhombic than in monoclinic forms. However, even at the highest sulfur content, the VGY band gap lies within the visible range (1.7-3.5 eV).
We also analyzed the thermodynamic stability of VGY solid solution by means of a lowest hull plot, i.e. the line connecting the lowest phases in the formation energy versus composition curve. All the solid solution compounds are less stable than PbCrO 4 and PbSO 4 parent materials. Thus, the chemical composition of VGY can affect its long term stability already in the bulk state, even before surface photocatalytic and/or redox reactions occur.
Overall, our results offer a possible explanation of why the degradation (browning) of VGY is promoted by high sulfur contents and UV radiation. 4, 10 The presence of signicant sulfur amounts in VGY (and so the synthesis and preparation of the pigment) represents a possible cause of instability leading to long-term separation into PbCrO 4 and PbSO 4 . The paler hues of VGY than pure PbCrO 4 are not dependent on a sulfur-driven band gap change, but are due to formation of a nano-composite with white anglesite and yellow crocoite phases. These locally segregated lead sulfate phases are the ones responsible for absorbing UV light, thus providing the necessary energy to reduce the lead chromate at the VGY surface into greenish chromic oxide.
In perspective, our results set the necessary foundations for further studies on surface phenomena involved in the VGY darkening mechanism and for identifying possible recovery strategies.
Methods and computational details
DFT calculations were performed with the Vienna ab initio Simulation Package (VASP 5.3.2).
32, 33 We adopted the PerdewBurke-Ernzerhof (PBE) generalized gradient approximation (GGA) for the exchange and correlation functional. 18 Nuclei and core electrons were described by projector augmented-wave (PAW were described by a plane-wave basis set with a kinetic energy cut-off of 800 eV. We used a 4 Â 4 Â 4/4 Â 4 Â 6 G k-point sampling for calculations of the monoclinic/orthorhombic unit cells of PbBO 4 (B ¼ Cr, S). For the 2 Â 1 Â 1 monoclinic and 1 Â 2 Â 1 orthorhombic super-cells, we used 2 Â 4 Â 4 and 4 Â 2 Â 6 G k-point sampling, respectively. We set Gaussian smearing (s ¼ 0.05 eV) for integration over the rst Brillouin zone. With the chosen cut-off energy and k-point sampling we achieved convergence of total energies within 1 meV per formula unit. For all the systems, we optimized both the lattice parameters and all the ion positions without any symmetry constraints until the total force on each atom was <0.01 eVÅ À1 . Dispersion interactions have been accounted for via the DFT-D3 scheme, recently proposed by Grimme 19 and in particular, we have applied the D3(BJ) scheme with the Becke-Johnson damping function. 20 Electronic structure features of PbCrO 4 and PbSO 4 have been computed at different levels of theory: the hybrid DFT functional by Heyd-Scuseria-Ernzerhof (HSE) 29 and the nonself-consistent GW approximation (G 0 W 0 ) as implemented in VASP. 30 Moreover, we tested the DFT+U approach 26 for lead chromate, setting a U-J potential for Cr d states of 3.2 eV, as it should be when chromate will be reduced to chromic oxide. Further details on the structural models for all explored systems are reported in the ESI. †
